It is well known that Brunel's vacuum heating mechanism is operative for laser energy absorption when the target plasma density rises sharply. For non-relativistic laser intensities and planar targets it is also necessary that the laser should strike the target at oblique incidence. The laser electric field at oblique incidence has a component normal to the surface to extract electrons from the target in the vacuum region for Brunel's mechanism to be operative. At relativistic laser intensities, oblique incidence is not necessarily required as the J × B force is significant and can extract electrons from the target even when the laser is at normal incidence. In this manuscript, the interaction of short and intense laser pulse with structured overdense plasma targets have been studied using 2D
I. INTRODUCTION
The production of high energetic charge particles during the interactions between the intense, short pulse laser with overdense plasma and subsequently, its collimated propagation inside the target are important for many application such as fast ignition scheme of inertial confinement fusion (ICF) [1] , generation of energetic charged particle beams [2] [3] [4] , bright source of X-rays [5, 6] , generation of high-order harmonics [7] etc. Therefore, the basic understanding of absorption of laser radiation into overdense plasma and manipulation of the same by controlling the laser and plasma parameters are highly desired. In conventional, intense laser-solid interactions, the laser radiation is absorbed by collisionless processes viz vacuum heating [8] , resonance absorption [9] and J × B heating [10] etc. However, for short femtosecond (fs) laser pulses and steep density profile of plasma, the laser radiation is absorbed by vacuum heating and J × B mechanism. In the case of vacuum heating, a p-polarized laser obliquely incident on a plasma surface has an electric field component normal to plasma surface. This normal component of electric field pulls the electrons into the vacuum during one-half of the laser cycle and then returns them back into the target with a quiver velocity in next half laser cycle. However, at normal incidence, vacuum heating would be absent as there would be no component of the electric field vector normal to the plasma surface. The absorption process will then take place solely through J × B mechanism which is typically small when the laser intensity is small so as to have electron quiver velocity in the electromagnetic field of the laser radiation non-relativistic.
Recently, there have been a lot of experimentations with structured targets [11, 15] .
There have also been indications that the laser absorption improves when structured targets are employed [12] [13] [14] [15] . We explore this question with the help of Particle -In -Cell (PIC) studies in the present manuscript. We treat the structured target as a given profile for plasma density in our simulations. The premise for this is based on the fact that the laser intensity at the front will inevitably ionize the target. However, in the case of a short pulse, the ionized plasma medium will not have a sufficient time to expand before it encounters the main region of the pulse. Thus the structure of the target will be embedded in the density profile of the preformed plasma.
For our numerical study, we will, therefore, consider the interaction of the main laser pulse with both planar plasma density targets and those having a specified structure. The 2 simulations clearly show that for structured targets the laser absorption gets significantly enhanced leading to the heating of the electrons. A detailed study is carried out which illustrates that Brunel mechanism [8] is operative in a novel fashion for the structured targets wherein the electrons get extracted in the vacuum region from a larger area when the target is structured.
We have organized this paper as follows. In Section II, we describe the simulation set-up for the PIC simulations. In section III simulation results are presented which show the enhancement in absorption and the significant increase in the heating of the electrons. In section IV the dependence of absorption on structure scale length has been provided. Finally, we conclude our findings in section V.
II. SIMULATIONS SET-UP
For our simulation, a Gaussian laser beam with FWHM of 3µm with a top hat temporal profile of 30 femtoseconds (fs) enters from the left boundary and interacts with a 2-D plasma slab. The laser is chosen to be p-polarized with its electric field in the Y-direction and the magnetic field in the "-ve" X-direction as shown in Fig. 1 . The laser propagates in the Z-direction and interacts with plasma slab at normal incidence. The size of plasma slab is taken as 6λ in the transverse directionŷ and 9λ in the longitudinal directionẑ of the propagation direction of laser light (where λ = 1µm is laser wavelength). There is a vacuum region of 2λ in front of plasma slab and 1λ at the rear of the plasma slab. The absorbing boundary conditions have been used for the electromagnetic fields and reflecting boundary conditions have been used for particles. We have used both planar target with the uniform plasma density of 10n c (where n c is the critical plasma density for laser) as well a plasma slab with a ripple in its density chosen to be of the form of n 0i (y) = n 0e (y) = n 0 [1 + εcos(k s y)].
Here l s = 2π/k s represents density scale length associated with the density inhomogeneity having an amplitude of ε. The schematic of simulation set-up for both planar as well as inhomogeneous structured target has been shown in Fig. 1 at time t = 33.70 fs) for the homogeneous target. The same structure gets formed for the inhomogeneous target which has been observed Fig. 3 . Thus a transverse dimple in the plasma electron density profile automatically also gets created. However, such a "caving in" of electron density is very small compared to the laser wavelength. The effect of this small structure formation is negligible on absorption properties which are the issue of main concern here. We now consider the absorption studies for the case when the laser intensity is weak 10 13 W/cm 2 . For the planar homogeneous target, we expect that the vacuum heating would be inoperative as the electric field vector of the laser (which is incident normal to the target) is parallel to the surface. The intensity of 10 13 W/cm 2 is weak and electrons remain nonrelativistic. Therefore, the J × B mechanism is insignificant for this case. This is indeed observed as can be seen from Fig. 4 , where we have plotted total kinetic energy of the electrons as a function of time. For the same laser intensity and all other conditions when the target is taken to be inhomogeneous the total kinetic energy of electrons registers a significant growth with time as witnessed from the dashed green line of the same Fig. 4 . We also denoted the electron number distribution (on a color log scale) as the function of p y and p z at t = 24.15 fs in Fig. 5 for the both planar homogeneous and structured target cases and we also draw the energy circles (with yellow color) on p y −p z plane. For planar homogeneous target, in Fig. 5(a) we see that the spread of electron number distribution is very low and even do not cross the energy circle of 28 eV. However, for structured inhomogeneous target the momenta spread of electron is around 700 eV (see Fig. 5(b) ) which is comparatively much 4 higher than homogeneous. Thus it is clearly evident that the laser radiation absorption is considerably better for the structured target.
We have repeated the study at higher relativistic intensity of the laser (viz. I= 10 19 W/cm 2 ). In this case, even for the homogeneous target there is a significant increase in the electron energy. However, for the structured case the acquired energy is still considerably higher. This is evident from Fig. 4 which shows the growth of the total electron kinetic energy as well as from the plots of The understanding of the enhanced absorption can be understood from the schematic cartoon plots of Fig. 7 . When a laser is normally incident on a homogeneous target there is no component of electric field which can drag the electrons out in the vacuum as shown in Fig. 7(a) . However, when the surface is corrugated as shown in Fig. 7 (b) even at normal incidence the electric field component E y can drag the electrons out in the vacuum like low density region from the high plasma density region. Furthermore, the laser fields in this case also access an increased surface area. It is now of interest to know how does the absorption depend on the inhomogeneity scale length. and the inhomogeneity amplitude (which defines the density disparity). The next section provides the details of this study.
IV. DEPENDENCE OF ABSORPTION ON STRUCTURE PARAMETERS
We have considered various inhomogeneity scale lengths and amplitude of the plasma density profile and studied the total kinetic energy acquired by the electrons as a function of time. This has been shown in Fig. 8 . This figure clearly shows that the total kinetic energy of electrons is largest only for an intermediate value of (k s = 0.5π (l s = 4c/ω p ) of the inhomogeneity scale length. Both increasing and/or decreasing the inhomogeneity scale length results in reduced absorption. This can be understood by realizing that for the laser intensity I= 1 × 10 19 W/cm 2 considered for this study, the distance by which the electrons can be dragged out along the y-direction y osc = eE L /γm e ω 2 L in one laser cycle is also about 4c/ω p where E L and ω L are laser electric field and laser frequency respectively. Thus, when the inhomogeneity scale length is much sharper than y osc the dragged electron would enter another high density region on the other side in one laser cycle as the spacing between intervening high and low densities are very small. The electrons thus would not experience the vacuum like region important for the Brunel mechanism to be operative. When the inhomogeneity scale length is much broader than the y osc , even then the electrons will not experience the vacuum region. Thus the optimum scale length is when y osc is comparable with the inhomogeneity scale length.
It should also be noted from Fig. 8 that there is an amplitude dependence also in the absorption rate. A high amplitude of inhomogeneity seems to do better for absorption as the contrast between low and high density region is better for this case.
V. SUMMARY AND DISCUSSION
We have carried out the 2D PIC simulations of the short pulse intense laser interaction with the rippled pre-ionized plasma target. It is shown that the laser absorption is better for structured targets for both relativistic as well as non-relativistic laser intensities. It is shown that this happens as a result of providing increased surface area for the Brunel's mechanism of vacuum heating. Furthermore, even at normal incidence, there is no component of electric field normal to the surface to drag the electrons out in the vacuum region for a normal homogeneous target. The structured target, on the other hand, provides a geometry for the electric field to be normal to the imposed inhomogeneity. Thus, the electrons can be dragged out from high to low density regions for a vacuum heating like mechanism to be operative.
There have been experiments [15] which have reported increased propagation distance of energetic electron beams generated by lasers in nano structured targets. The explanation for the phenomena has been provided on the basis of suppression of Weibel instability by the structured target which aids the unhindered propagation of the electrons in the medium.
It appears that in such experiments the enhanced generation of energetic electrons can also 6 play an additional role in aiding the propagation over long distance.
It is interesting to note that the structured targets play important roles both in enhanced generation of energetic electrons as well as aiding its propagation through plasma medium over long distances by suppressing Weibel like instabilities which would otherwise be greatly detrimental. 
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